Chetty A, Cao G-J, Severgnini M, Simon A, Warburton R, Nielsen HC. Role of matrix metalloprotease-9 in hyperoxic injury in developing lung. Am J Physiol Lung Cell Mol Physiol 295: L584 -L592, 2008. First published July 25, 2008 doi:10.1152/ajplung.00441.2007.-Matrix metalloprotease-9 (MMP-9) is increased in lung injury following hyperoxia exposure in neonatal mice, in association with impaired alveolar development. We studied the role of MMP-9 in the mechanism of hyperoxia-induced functional and histological changes in neonatal mouse lung. Reduced alveolarization with remodeling of ECM is a major morbidity component of oxidant injury in developing lung. MMP-9 mediates oxidant injury in developing lung causing altered lung remodeling. Five-day-old neonatal wild-type (WT) and MMP-9 (Ϫ/Ϫ) mice were exposed to hyperoxia for 8 days. The lungs were inflation fixed, and sections were examined for morphometry. The mean linear intercept and alveolar counts were evaluated. Immunohistochemistry for MMP-9 and elastin was performed. MMP-2, MMP-9, type I collagen, and tropoelastin were measured by Western blot analysis. Lung quasistatic compliance was studied in anaesthetized mice. MMP-2 and MMP-9 were significantly increased in lungs of WT mice exposed to hyperoxia compared with controls. Immunohistochemistry showed an increase in MMP-9 in mesenchyme and alveolar epithelium of hyperoxic lungs. The lungs of hyperoxiaexposed WT mice had less gas exchange surface area and were less compliant compared with room air-exposed WT and hyperoxiaexposed MMP-9 (Ϫ/Ϫ) mice. Type I collagen and tropoelastin were increased in hyperoxia-exposed WT with aberrant elastin staining. These changes were ameliorated in hyperoxia-exposed MMP-9 (Ϫ/Ϫ) mice. MMP-9 plays an important role in the structural changes consequent to oxygen-induced lung injury. Blocking MMP-9 activity may lead to novel therapeutic approaches in preventing bronchopulmonary dysplasia. morphometry; elastin; bronchopulmonary dysplasia THE PATHOPHYSIOLOGICAL FEATURES of the newer forms of bronchopulmonary dysplasia (BPD) are characterized by increased airway responsiveness to direct stimuli, with evidence of minimal alveolarization, variable alveolar wall cellularity and fibrosis, and alveolar-capillary dysplasia (14). Alveolarization begins in the distal saccules of the lung in parallel with development of the alveolar capillary bed in infants born at 24 -28 wk of gestation (28). The major manifestation of hyperoxic lung injury in neonates is an interference with normal lung development, particularly alveolar development. In the new BPD, fewer and larger alveoli are present. Hyperoxiaexposed preterm baboons showed a complete arrest of alveolar septation with fewer and larger alveoli. Even though the normal signal for septation of the saccules is unknown, hyperoxia has been shown to delay alveolar development (14) .
THE PATHOPHYSIOLOGICAL FEATURES of the newer forms of bronchopulmonary dysplasia (BPD) are characterized by increased airway responsiveness to direct stimuli, with evidence of minimal alveolarization, variable alveolar wall cellularity and fibrosis, and alveolar-capillary dysplasia (14) . Alveolarization begins in the distal saccules of the lung in parallel with development of the alveolar capillary bed in infants born at 24 -28 wk of gestation (28) . The major manifestation of hyperoxic lung injury in neonates is an interference with normal lung development, particularly alveolar development. In the new BPD, fewer and larger alveoli are present. Hyperoxiaexposed preterm baboons showed a complete arrest of alveolar septation with fewer and larger alveoli. Even though the normal signal for septation of the saccules is unknown, hyperoxia has been shown to delay alveolar development (14) .
Interactions between epithelial and mesodermal cells during lung development and repair from injury lead to characteristic morphological and functional changes in the neonatal lung (41) . The ECM is an important site of lung injury and repair processes in different developmental stages of the lung. Remodeling of the ECM is a major morbidity component in oxidant injury contributing to the development of BPD (1) . Matrix metalloproteases (MMPs) are proteolytic enzymes that degrade ECM components. They have important roles during normal lung development but when produced in excess may lead to altered lung remodeling and change in architecture (10) . Both human and animal studies suggest that MMPs are involved in neonatal lung injury. Sweet et al. (37) showed increased MMP-9 levels in the bronchoalveolar lavage fluid of preterm infants who developed BPD. Increased levels of MMP-9 are present in the lungs of premature baboons exposed to hyperoxia in association with changes in lung architecture (38) . Although previous studies demonstrated an association between increased levels of MMPs and BPD, there is little information directly addressing the role of MMP-9 in mediating changes in lung function and morphology following hyperoxic injury.
Elastin is an important component of alveolar structures, where it is normally abundant in alveolar septal tips. Disturbed elastin deposition is one of the pathological hallmarks of BPD in premature infants. Alveolar myofibroblasts contain contractile elements and express ␣-smooth muscle actin (␣-SMA). They are believed to be the source of elastin in the form of its soluble precursor tropoelastin (7) and play an important role in alveogenesis. In chronic lung disease in premature infants and after hyperoxia exposure in animal models, there are increased amounts (39) and abnormal distribution of elastin fibers (3) and increased ␣-SMA expression (13, 43) .
The pathogenesis of BPD is multifactorial and not completely understood. We propose that metalloproteases are critical mediators of oxidant injury in the developing lung contributing to remodeling in the subepithelial compartment of peribronchiolar airways and alveolar simplification in response to hyperoxia. We hypothesize that MMP-9 mediates oxidant injury in developing lung causing altered lung remodeling. We specifically studied the effect of loss of MMP-9 expression on hyperoxia-induced changes in neonatal mice.
MATERIALS AND METHODS
Reagents were obtained as follows: ␣-SMA monoclonal antibody was purchased from R&D Systems (Minneapolis, MN). Rabbit anticollagen antibody was purchased from Rockland Immunochemical (Gilbertsville, PA). Goat anti-rabbit IgG was purchased from Upstate Biotechnology (Waltham, MA). Penicillin G, acrylamide, DMSO, SDS, pepstatin, and leupeptin were purchased from Sigma Chemical (St. Louis, MO). L-glutamine, HBSS, Dulbecco's modified PBS, DMEM, and FCS were obtained from GIBCO (Grand Island, NY). Antibodies to MMP-2, MMP-9, anti-rabbit IgG, and anti-mouse IgG were obtained from Cell Signaling (Danvers, MA). Mayer's hematoxylin was from Dako (Carpentaria, CA). Tropoelastin antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Animal model. We used neonatal wild-type (WT; CD1) and MMP-9 (Ϫ/Ϫ) mice of CD1 background for all our studies. WT mice were purchased from Taconic Farm. Our MMP-9 (Ϫ/Ϫ) mouse colony was a kind gift from Dr. Andrew Camille (Tufts Univ., Boston, MA) and originated from the line developed by Dr. Robert Senior (Univ. of Chicago, Chicago, IL). Animals were housed and cared for by the Division of Laboratory Animal Medicine at New England Medical Center. This facility conforms strictly to the current National Institutes of Health guidelines for animal care. They provide veterinary support and evaluation as needed. The animal use protocol was approved by the Institutional Animal Care and Use Committee.
Hyperoxia exposure of neonatal mice. Five-day-old neonatal WT and MMP-9 (Ϫ/Ϫ) mice were exposed to room air or hyperoxia for 8 days as follows. At day 1 age, the pups were assigned to new litters consisting of six pups each. Litters were similar in weight and number of pups assigned to each mother. From days 5-13 of life (corresponding to the major period of murine alveolarization), one litter was exposed to 90% oxygen, and one litter was exposed to room air using Plexiglas chambers as we have previously described (5) . The exposure chamber was opened briefly twice a day to replenish food and water, clean the chambers, and rotate the mothers between the hyperoxic and normoxic environment to prevent maternal oxygen toxicity (5). On day 13, pups were used for studies as described below.
Lung fixation and morphometry. Lungs from room air and hyperoxia-exposed WT and MMP-9 (Ϫ/Ϫ) mouse pups were used for morphometry studies. Lungs were removed gently and inflation fixed with 4% paraformaldehyde through a tracheal cannula at a pressure of 20 cmH2O. The lung was then placed in 4% paraformaldehyde for 24 h and paraffin embedded, and 5-m sections were prepared and stained with hematoxylin. Morphometry studies were performed using Scion Image software (National Institutes of Health).
Measurements were taken from the terminal airways and alveoli for mean linear intercept (MLI) and thickness of the airway wall. MLI, a measure of alveolar diameter that is inversely proportional to the alveolar surface area (45), was measured as described (25, 48) . MLI was determined in five separate terminal respiratory units in lung tissue. Terminal airways were differentiated from the conducting airways based on the presence of low cuboidal epithelium vs. the columnar epithelium in the conducting airways.
Alveolar counts were done in five random areas in the lungs from WT and MMP-9 (Ϫ/Ϫ) mice after room air and hyperoxia exposures. Alveolar number across terminal respiratory units was estimated by the radial alveolar count method described (15) . A line was drawn from the center of a respiratory bronchiole to the nearest interlobular septum to which an intercept line was drawn perpendicularly. We counted the number of distal air spaces that were transected by the line. We repeated this assessment for five terminal respiratory units in one random tissue section per mouse.
Elastin deposition after hyperoxia exposure. Deparaffinized lung sections from hyperoxia-and room air-exposed neonatal pups were stained with elastin stain and Van Gieson solutions (Sigma-Aldrich). These sections were then viewed by light microscopy. The distribution, structure, and abundance of elastin were estimated as described (31) .
Measurement of lung function. At the end of the 8 days of hyperoxia exposure (day 13 of life), lung mechanics were measured in control and hyperoxia-exposed animals. Pups were weighed, deeply anesthetized by an intraperitoneal injection of xylazine (8 mg/kg), and the trachea cannulated. The cannula was connected to a computercontrolled small animal ventilator (FlexiVent; SCIREQ, Montreal, PQ, Canada), and regular ventilation was delivered at a frequency of 150 breaths/min and a tidal volume of 5 ml/kg as we and others have described (36, 40) . We measured total lung compliance instead of central airway resistance since the major contribution to airway resistance in neonatal oxygen injury is from the distal airways, which are greater in number and lack cartilage.
Western blot analysis.
Western blotting was performed to analyze MMP-2, MMP-9, type I collagen, tropoelastin, and ␣-SMA in the lung lysates. Tissues were harvested into an ice-cold solution of PBS, pH 7.4, containing protease inhibitors (2 g leupeptin/ml, 1 g aprotinin/ml, 1 mM PMSF, and 2 g antipain/ml). After sonication and centrifugation, aliquots were removed for protein determination, and the samples were stored at Ϫ80°C until use. Total protein in the lysates was measured using a BCA protein microassay kit (Pierce, Rockford, IL). A 30-g protein sample was separated by PAGE on a 10% acrylamide-SDS gel and then transferred to a nitrocellulose membrane, probed using a monoclonal anti-mouse MMP-2 antibody (1:1,000) or anti-mouse MMP-9 antibody (1:1,000 overnight at 4°C). After being washed, the blots were incubated with goat anti-rabbit HRP-conjugated antibody (1:4,000) and developed using chemiluminescence to demonstrate changes in protein levels of MMP-2 and MMP-9 in the lungs after hyperoxia exposure. Anti-collagen type I antibody (1:1,000) and anti-␣-SMA antibody (1: 100) followed by anti-rabbit and anti-mouse IgG (1:5,000), respectively, were used to determine levels of type I collagen and ␣-SMA. Anti-tropoelastin antibody (1: 100) followed by anti-goat IgG (1:4,000) was used to determine the level of tropoelastin. Actin was used as loading control, and all signals were normalized to the corresponding actin signal. Comparisons of relative changes were made by densitometry scanning.
Statistical methods. Statistical analysis for studies of WT and transgene negative study groups was done by ANOVA with post hoc multiple comparisons using either the Dunnett (20) or Bonferroni procedures as we have done (35, 46) using Graphpad InStat software (San Diego, CA).
RESULTS

Effect of hyperoxia on growth of neonatal mice.
Hyperoxia adversely affected the survival of both WT and MMP-9 (Ϫ/Ϫ) neonatal mice. However, the mortality was higher in WT (20%) compared with MMP-9 (Ϫ/Ϫ) (10%) after exposure to 90% oxygen for 8 days (P Ͻ 0.05). The majority of the deaths occurred in the first 3 days of oxygen exposure. However, activity levels did not appear different between hyperoxia-and room air-exposed animals. The 8-day exposure to hyperoxia adversely affected growth of WT and MMP-9 (Ϫ/Ϫ) pups. The average weight of the WT mouse on 13 days of age was 8.5 Ϯ 0.4 after hyperoxia compared with 10 Ϯ 0.1 g after room air (P ϭ 0.03) and 8 Ϯ 0.8 g after hyperoxia compared with 11.6 Ϯ 0.8 g after room air exposure in MMP-9 (Ϫ/Ϫ) (P ϭ 0.002). However, there was no significant difference in weight between the WT and MMP-9 (Ϫ/Ϫ) pups groups after hyperoxia exposure. These results are consistent with the studies done in adult mice exposed to hyperoxia that showed that MMP-9 (Ϫ/Ϫ) mice survived longer compared with WT mice, suggesting overexpression of MMP-9 is partially responsible for pathogenic destruction during hyperoxic condition (30) . In the absence of MMP-9, the damaging effect on the alveolar structure was reduced.
Effect of hyperoxia on MMP-9. MMP-9 levels were significantly increased in the lungs of WT mice exposed to hyperoxia for 8 days compared with room air (Fig. 1) . This is in agreement with the increase in MMP-9 seen in lung homogenates of premature baboons exposed to hyperoxia for 140 days (38) . Furthermore, immunostaining for MMP-9 showed increased expression in the epithelium of terminal air spaces in WT mice after hyperoxia exposure (Fig. 2) .
We examined MMP-2 in MMP-9 knockout mice to confirm that the changes we observed in MMP-9 (Ϫ/Ϫ) mice are not related to changes in MMP-2 expression. We exposed MMP-9 (Ϫ/Ϫ) mice to hyperoxia and examined for MMP-2 expression by Western blot analysis. We did not see any significant change in MMP-2 in MMP-9 (Ϫ/Ϫ) mice exposed to hyperoxia compared with room air (Fig. 3) , implying that MMP-9 may regulate MMP-2 levels.
Effect of hyperoxia on lung alveolarization in neonatal mice. Morphometry studies were done in the lungs of 13-day-old WT and MMP-9 (Ϫ/Ϫ) neonatal mice exposed to room air or hyperoxia for the previous 8 days. Five-micrometer lung sections were examined for alveolarization. In WT pups, alveolar simplification, characterized by larger and fewer air spaces and decreased septation, was seen in oxygen-exposed compared with room air-exposed lungs. The alveolar simplification seen in WT lungs after hyperoxia was significantly attenuated in MMP-9 (Ϫ/Ϫ) mouse lungs exposed to hyperoxia (Fig. 4, A and B). The MLI, a measure of alveolar diameter, was increased in hyperoxia-exposed WT mice compared with MMP-9 (Ϫ/Ϫ) mice indicating that the gas exchange surface area was less affected by hyperoxia exposure in the MMP-9 (Ϫ/Ϫ) lungs compared with WT lungs. There was no significant difference in the MLI of room air-exposed MMP-9 (Ϫ/Ϫ) and WT lungs. In addition, alveolar number across terminal respiratory units was estimated by the radial alveolar counts. Figure 4C shows a significant reduction in alveolar counts in hyperoxia-exposed WT mice compared with room air controls. This reduction was not seen in MMP-9 (Ϫ/Ϫ) mice after hyperoxia compared with room air controls.
Effect of hyperoxia on lung function in neonatal mice. After 8 days of hyperoxia or room air exposure, quasistatic lung compliance (Qst) was measured using the forced oscillation technique in deeply anesthetized, tracheotomized mice. Qst represents the static elastic recoil pressure of the lungs at a given lung volume. We measured the Qst to determine func- Fig. 1 . A: representative Western blot of matrix metalloprotease (MMP)-9 in 13-day-old wild-type (WT) mouse lung following exposure to room air or hyperoxia for 8 days. B: densitometry of Western blots, n ϭ 8 in each condition. Bars are means Ϯ SE. The MMP-9 signal was normalized to actin. *P ϭ 0.01 compared with room air. Fig. 2 . Photomicrographs of 5-m lung sections from lungs of room air-or hyperoxiaexposed WT mice stained for MMP-9 (ϫ40 magnification). Arrows point to the positive MMP-9 stain. There is an increase in immunostaining for MMP-9 in hyperoxia-exposed lungs, mainly in the alveolar epithelium.
tional correlates to hyperoxia-induced changes in lung morphometry and histology in WT and MMP-9 (Ϫ/Ϫ) neonatal mice. Figure 5 shows Qst of WT mice and MMP-9 (Ϫ/Ϫ) neonatal mice after room air or hyperoxia exposure. Lung compliance at 30 cmH 2 O was significantly decreased after 8 days of hyperoxia exposure. This reduction was significantly less in MMP-9 (Ϫ/Ϫ) mice after hyperoxia [24% reduction in MMP-9 (Ϫ/Ϫ) compared with a 47% reduction in WT after hyperoxia]. The decrease in lung compliance in WT mice following hyperoxia is very similar to the decrease seen in infants with BPD (42) . These data show that hyperoxic injury alters compliance in a manner consistent with alveolar loss and airway remodeling and that MMP-9 expression is involved in this remodeling process.
Effect of hyperoxia on ␣-SMA. Normal fetal and neonatal lungs have numerous myofibroblasts within the alveolar septa that are immunopositive for ␣-SMA. After injury in the neonatal lung, ␣-SMA-positive cells are increased in the center of the septum and invade beyond the basement membrane. These are myofibroblasts as originally described in wound healing (17) . We studied the changes in ␣-SMA expression following hyperoxic injury lung homogenates using Western blot followed by densitometry. The lungs of hyperoxia-exposed WT mice had significantly more ␣-SMA compared with room air-exposed WT mouse pups (Fig. 6) . In contrast, this increase was not seen in MMP-9 (Ϫ/Ϫ) mice exposed to hyperoxia.
Effect of hyperoxia on lung elastin. Lungs from WT and MMP-9 (Ϫ/Ϫ) neonatal mice exposed to 8 days of hyperoxia were sectioned and stained for elastin. Lung tissues from each experimental group were stained simultaneously so that incubation times were equivalent for the treatment groups. The stain revealed a disorganized pattern of elastin following hyperoxia exposure. Thick bands of elastin were seen in distal air spaces in hyperoxia-exposed compared with room air-exposed WT mice. As would be expected, elastin staining was noted at the tips of alveolar crests in room air-exposed WT mice. In hyperoxia-exposed WT mice, the elastin stain was extended into and was more prominent within the body of the alveolar crests compared with the tips (Fig. 7) . In addition, we found a significant increase in tropoelastin, a precursor of elastin in the lungs from hyperoxia-exposed compared with room air-exposed WT mice by Western blot analysis. This increase was not seen in hyperoxia-exposed lungs from MMP-9 (Ϫ/Ϫ) mice compared with room air controls (Fig. 8) . These findings are in agreement with the increase in elastin stain described in lungs from premature lambs exposed to hyperoxia and mechanical ventilation (1) .
Effect of hyperoxia on type I collagen. An increase in type I collagen has been reported in the baboon model of BPD with an accumulation of collagen in alveolar ducts (38) . We therefore studied collagen expression in WT and MMP-9 (Ϫ/Ϫ) mice exposed to room air and hyperoxia using an affinitypurified rabbit anti-collagen type I antibody with minimum cross-reactivity to types II to VI collagens. There was a significant increase in type I collagen after hyperoxia exposure compared with room air-exposed WT mice. This increase was not seen in hyperoxia-exposed MMP-9 (Ϫ/Ϫ) mice (Fig. 9) .
DISCUSSION
Lung development and alveolarization continues after birth in humans and rodents. Clinical interventions, such as oxygen therapy in the first week of life, can adversely impact alveolar formation. Type II alveolar epithelial cells play a pivotal role in alveolar basement membrane remodeling in normal alveolarization and angiogenesis (29) and after hyperoxic injury (10) . The ECM is composed of type I collagen, a major substrate for MMP-9. Destruction of the ECM may result in impaired alveolar development and vasculogenesis. Migration of alveolar epithelial cells is necessary for remodeling of the developing lung and effecting repair after lung injury.
During lung development, epithelial cell migration is observed during the glandular stage of organogenesis (26) . MMP-2 and MMP-9 protease activities increase during lung development. In the recovery phase of acute lung injury, reepithelialization of the denuded alveolar basement membrane is achieved by migration and proliferation of the alveolar epithelial progenitor cells. Buckley et al. (9) have shown that alveolar epithelial cells derived from adult rats exposed to hyperoxia for 48 h were more migratory and secreted more MMP-9 compared with control rats.
We chose not to expose the mouse pups to hyperoxia soon after birth since hyperoxia-induced morbidity and mortality are much higher in this early neonatal period due to a combination of hyperoxia and poor nutrition (32) . Since we wanted to evaluate the lungs at the end of the saccular and at the beginning of the alveolar stage, we exposed the pups to hyperoxia starting on day 5 of life.
Increased metalloprotease activity has been reported after hyperoxic injury. We chose to focus on MMP-9 in this study because of reports showing elevated MMP-9 in bronchoalveolar lavage fluid collected from preterm infants who subsequently developed BPD (19) and in alveolar type II epithelial cells in adult rats after 85% hyperoxia exposure (33) and in the lungs of newborn rat pups after hyperoxic exposure (18, 34) .
The increased MMP-9 activity that has been reported in neonatal hyperoxic lungs may be due to several possible modes of activation including uPA activity. MT-I MMP (MMP-14) may also be active since it is expressed in higher levels in lung injuries (10) . It is also possible that the reduction in hyperoxia-induced MMP activity during the recovery period may be mediated through increased amounts of tissue inhibitor of metalloprotease (TIMP-1). Increased levels of MMP-8 and -9 were found in the tracheal aspirates of preterm infants with respiratory distress syndrome who subsequently developed BPD (11). MMP-8 was mostly expressed in macrophages. Fig. 4 . A: photomicrograph of 5-m lung sections from paraffin-embedded room airand hyperoxia-exposed 13-day-old WT and MMP-9 (Ϫ/Ϫ) neonatal mice. Hematoxylin & eosin stain, ϫ20 magnification. B: mean linear intercept (MLI) measured in lungs from WT and MMP-9 (Ϫ/Ϫ) mice after 8 days of exposure to either room air or hyperoxia. WT mice exposed to hyperoxia have less gas exchange surface area (i.e., higher MLI) compared with room air-exposed mice. Lungs from MMP-9 (Ϫ/Ϫ) mice exposed to hyperoxia have a larger gas exchange surface area (i.e., lower MLI) compared with the lungs from hyperoxiaexposed WT mice. Bars are means Ϯ SE; n ϭ 4 per condition. *Compared with room air P Ͻ 0.05; **compared with hyperoxiaexposed WT P Ͻ 0.05. C: alveolar number across terminal respiratory units as determined by radial alveolar counts. There is a significant reduction in alveolar counts in hyperoxia-exposed WT mice compared with room air controls; n ϭ 3; bars are means Ϯ SE. *P ϭ 0.02 compared with room air WT.
Of importance to this study, increased MMP-9 was seen in preterm infants who had antenatal lung inflammation associated with chorioamnionitis leading to development of chronic lung disease (16) . The MMP-9/TIMP-1 ratio in the bronchoalveolar lavage was found to be higher in babies who developed BPD, implying a proteinase/antiproteinase imbalance in these preterm babies exposed to hyperoxia (37) . An imbalance between MMP-9 and TIMP-1 leading to excessive MMP-9 activity has been reported to contribute to lung inflammation and edema in BPD (21, 38) .
Studies in adult mice suggest that MMP-9 influx into the lung plays an important role in contributing to alveolar structural damage (30) . The MMP-9 (Ϫ/Ϫ) mice survived longer after 95% oxygen exposure compared with WT mice. Overexpression of MMP-9 was found to be partly responsible for pathogenic destruction during hyperoxic condition. MMP-9 polymorphism has been associated with upper lobe emphysema in COPD patients (27) .
There are several reports of increased MMP-9 in the bronchoalveolar lavage fluid and in type II cells in adult rats after 85% hyperoxia exposure (33) and in the lungs of newborn rat pups (18, 34) . Our study confirms reports of increased MMP-9 with hyperoxia and further shows that deletion of MMP-9 improves the response to hyperoxia of the developing lung. On the other hand, one study described decreased levels of MMP-9 mRNA and pro-MMP-9 protein and diminished pro-MMP-9 enzyme activity in neonatal rat pups exposed to Ͼ95% oxygen (24) . The different findings in that study compared with ours could be related to the fact that the authors of that study measured pro-MMP-9 protein and activity, whereas we focused on mature MMP-9. There also could be differences related to the somewhat higher level of oxygen exposure as well as differences in response between neonatal rats and mice.
In this study, we demonstrated that hyperoxia exposure in neonatal mice resulted in decreased alveolarization and disordered elastin accumulation in the lung. These changes were significantly less in MMP-9 (Ϫ/Ϫ) neonatal mice. We also found a decrease in lung compliance in WT mice exposed to hyperoxia that improved with loss of MMP-9. Metalloproteinase activity regulates the development of organs through ECM remodeling. Our observation that hyperoxia increases MMP-9 in normal lungs and that deletion of MMP-9 protects against biological and functional changes secondary to hyperoxia suggests that inhibition of MMP-9 during hyperoxia could minimize the oxygen-induced damage in neonatal lungs.
In addition to MMP-9, we also found an increase of MMP-2 in lungs of WT mice exposed to hyperoxia. This is in accordance with increased MMP-2 protein expression in the bronchoalveolar lavage fluid of preterm babies and in animal models of hyperoxia (49) , as well as in other organs of animals exposed to hyperoxia (12) . When we further examined MMP-2 levels in MMP-9 (Ϫ/Ϫ) mice exposed to hyperoxia, we found no increase, suggesting that inhibition of MMP-9 could also ameliorate the contribution of MMP-2 to altered morphological and functional changes in hyperoxia-induced neonatal mice. It is unclear whether MMP-9 regulates expression of MMP-2 or whether MMP-2 is secondarily induced in response to ongoing damage initiated by MMP-9. Further studies of the interactive regulation of MMPs are needed to resolve this question.
With this in vivo hyperoxia exposure mouse lung model, we have found decreased alveolarization and enlarged alveoli with diminished gas exchange surface area in WT mice. This is consistent with the studies in mice exposed to hyperoxia for 4 wk (47) . The changes in lung alveolarization, volume, and compliance that we identified in neonatal mice following hyperoxia are very similar to changes seen in human infants with BPD. An increase in alveolar size with fewer alveoli was found in postmortem specimens of surfactant-treated subjects by Husain et al. (25) in which the MLI was significantly increased in BPD subjects compared with non-BPD. Hislop et al. (23) and others (6, 44) have shown that the lungs of preterm infants who received mechanical ventilation and oxy- . Quasistatic compliance (Qst) from anesthetized 13-day-old WT and MMP-9 (Ϫ/Ϫ) pups after 8 days of hyperoxia or room air exposure measured by forced oscillation technique. The lungs of oxygen-exposed mice were less compliant than those of room air-exposed WT and MMP-9 (Ϫ/Ϫ) neonatal mice. This reduction was significantly less in MMP-9 (Ϫ/Ϫ) mice after hyperoxia (24% reduction compared with 47% reduction in WT after hyperoxia; n ϭ 4 mouse pups per condition). *P Ͻ 0.03 compared with room air-exposed WT; bars are means Ϯ SE. **P ϭ 0.001 compared with room air-exposed MMP-9 (Ϫ/Ϫ).
gen had nonuniform inflation, reduced numbers of alveoli, and increased accumulation of elastic fibers in alveolar walls and muscularization of distal airways.
In this study, we found a decrease in total lung compliance with hyperoxia exposure that is very similar to that seen in infants with BPD (42). Low lung compliance was seen on the 7th and 10th days of life in preterm infants. We measured the Qst that reflects the static elastic recoil pressure of the lungs at a given lung volume. We observed that the reduction in compliance seen in hyperoxia-exposed WT mice is ameliorated in MMP-9 (Ϫ/Ϫ) mice, suggesting a role of MMP-9 in the hyperoxia-induced lung remodeling that later manifests as reactive airway disease. Fig. 7 . Elastin stain. Photomicrographs of 5-m lung sections from 13-day-old hyperoxiaexposed WT and MMP-9 (Ϫ/Ϫ) neonatal mice stained with Van Gieson stain for elastin (ϫ40 magnification). Arrows point to the positive stain for elastin in the tip of the crest in room air-exposed lungs and in the body of the alveolar crests in hyperoxia exposed lungs. Distal airways have smooth muscle that is increased in abundance in BPD. Myofibroblasts that are normally present in the terminal airways in the developing lung are increased in number after lung injury, especially around the terminal air spaces as shown both in humans (43) and in animals (1). In agreement with this, we found an increase in ␣-SMA, a marker for myofibroblasts, in hyperoxia-exposed WT neonatal mouse lung.
MMP-9 has been shown to be an elastolytic protease in emphysema in adult mice. Adult transgenic mice with MMP-9 overexpression in the alveolar macrophages developed enlarged alveoli with elastin breakdown (22) . A paucity of elastic fibers in the wall of the alveoli was seen due to destruction of elastic fibers as a result of protease-antiprotease imbalance (6, 8) . We found in hyperoxia-exposed WT animals an increase in elastin in the body of the alveolar crests instead at their tips where elastin is normally located during septation. These changes in elastin localization were ameliorated in hyperoxiaexposed MMP-9 (Ϫ/Ϫ) mice. Alveolar secondary crest formation may be impaired by excessive accumulation of elastic fibers in the stunted alveolar crests and in the alveolar walls as reported by other investigators (4). Decreased alveolar secondary crest volume density, increased amount and abnormal distribution of elastic fibers, and increased smooth muscle around terminal bronchioles have been described in large animals exposed to hyperoxia (1) .
To determine whether the increase in elastin in the lungs is associated with changes in ECM elements, we assessed type I collagen protein in the lungs of mice exposed to hyperoxia. Our finding of increased type I collagen in hyperoxia-exposed WT neonatal mice agrees with the increased type I collagen seen in primary cultures of lung fibroblasts exposed to hyperoxia and the increased expression and accumulation in the alveolar ducts described by others in the lungs of neonatal mice exposed to hyperoxia (2, 47) and in premature baboons with BPD (38) . Longer durations of hyperoxia exposure lead to changes in terminal air spaces accompanied by increased collagen deposition and increased cellular infiltration with an increase in interstitial thickness.
In conclusion, hyperoxia-exposed WT mice had less gas exchange surface area compared with room air-exposed mice. In addition, hyperoxia-exposed WT mouse lungs had increased MMP-9, increased collagen and ␣-SMA, and altered elastin deposition. Lungs from MMP-9 (Ϫ/Ϫ) mice exposed to hyperoxia have a larger gas exchange surface area compared with the lungs from hyperoxia-exposed WT mice. Functional studies revealed a reduction in lung compliance in WT mice after hyperoxia exposure. This reduction was ameliorated in hyperoxia-exposed MMP-9 (Ϫ/Ϫ) mice. Hyperoxia-induced changes in collagen, ␣-SMA, and elastin were also improved in MMP-9 (Ϫ/Ϫ) mice. These findings implicate a mechanistic role of MMP-9 in neonatal hyperoxic lung injury and suggest that this genetically altered hyperoxia mouse model may be of value in future studies to determine the mechanism that creates the BPD phenotype. Blocking MMP-9 activity may lead to novel therapeutic approaches in preventing BPD.
